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Abstract Background. Environmental tobacco smoke 
has been classified by the Environmental Protection 
Agency as a carcinogen causally associated with lung 
cancer in adults, but there have been no reports of lung 
carcinogens or their metabolites in the body fluids or tis¬ 
sues of nonsmokers exposed to environmental tobacco 
smoke. 

Methods. Five male nonsmokers were exposed to 
sidestream cigarette smoke generated by machine smok¬ 
ing of reference cigarettes for 180 minutes on each of two 
days, six months apart. Sidestream smoke is the smoke 
that originates from the smoldering end of a cigarette be¬ 
tween puffs. Twenty-four-hour urine samples were collect¬ 
ed before and after exposure. The urine samples were 
analyzed for 4-(methylnitrosarnino)-1-(3-pyridyl)-1 -buta¬ 
nol (NNAL) and its glucuronide, which are metabolites ot 
4-(methylnitrosamino)-1-(3-pyridylH-buianone (NNK), a 

NVIRONMENTAL tobacco smoke has been 
classified by the Environmental Protection Agen¬ 
cy (EPA) as a human carcinogen. A recent report 1 
concluded: “Passive smoking is causally associated 
with lung cancer in adults, and environmental tobacco 
smoke, by the total weight of evidence, belongs in the 
category of compounds classified by the EPA as 
Group A (known human) carcinogens.” This evalua¬ 
tion was based in part on dose-response relations be¬ 
tween the exposure of spouses to environmental to¬ 
bacco smoke and the development of lung cancer, 
especially pulmonary adenocarcinoma, 2 There have 
been numerous studies of noncarcinogenic tobacco 
constituents such as nicotine and coiinine in the blood 
and urine of nonsmokers, and recent studies have es¬ 
tablished the presence of adducts of hemoglobin 
and 4-aminobiphenyl, a bladder carcinogen, in non- 
smokers exposed to environmental tobacco smoke. 14 
In this paper, we describe the presence of metabo¬ 
lites of a tobacco-specific lung carcinogen, 4-(methyl- 
nitrosamino)-l-(3-pvridyl)-l-butanone (NNK), in the 
urine of nonsmokers exposed to sidestream cigarette 
smoke. Sidestream cigarette smoke is the smoke that 
originates from the smoldering end or a cigarette be¬ 
tween pulfs; it is the principal component of environ¬ 
mental tobacco smoke. 

NNK is a powerful pulmonary carcinogen, inducing 
predominantly adenocarcinomas in the lungs of rats, 
mice, and hamsters regardless of the route of adminis¬ 
tration. s ' 7 The lowest total doses required to induce 
lung tumors in rats are similar to the total doses 
to which smokers are exposed, as calculated from 
both the amounts of NNK in mainstream cigarette 
smoke and measurements of its metabolites in the 
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powerful lung carcinogen in rodents. NNAL is also a lung 
carcinogen in rodents. 

Results. The urinary excretion ot the metabolites in¬ 
creased after exposure to sidestream smoke in all the 
men. The mean (±SD) amount of NNAL and NNAL glucu¬ 
ronide was significantly higher after exposure than at base 
line (33.9 ±20.0 vs. 8.4± 11.2 ng per 24 hours [127 ±74 vs. 
31 ±41 pmol per day], P<0.00i) and was correlated with 
urinary cotinine excretion (r = 0.89, P <0.001), The nico¬ 
tine concentrations in the air to which the men were ex¬ 
posed were comparable to those in a heavily smoke-pol- 
luted bar. 

Conclusions. Nonsmokers exposed to sidestream 
cigarette smoke take up and metabolize a lung carcino¬ 
gen, which provides experimental support for the proposal 
that environmental tobacco smoke can cause lung cancer. 
(N Engl J Med 1993;329:1543-6.| 

urine of smokers. 8-10 These data, as well as bio¬ 
chemical studies that have demonstrated the presence 
in smokers’ Jungs of DNA adducts likely to result 
from the metabolic activation of NNK, suggest that 
NNK has an important role in the induction of lung 
cancer in smokers."’ 12 In primates, NNK is extensive¬ 
ly metabolized. 13 Although NNK itself is barely de¬ 
tectable in urine, up to 25 percent of the dose is 
excreted as glucuronide conjugates of its carbonyl 
reduction product, 4-(methyl-nitrosamino)-l-(3-pyri- 
dyl)-l-butanol (NNAL). NNAL is also a powerful 
lung carcinogen in rodents, 7 " Recently, we dem¬ 
onstrated the presence of these metabolites in the 
urine of smokers. 10 In this study, we measured NNAL, 
its glucuronide, and cotinine, a metabolite of nicotine, 
in the urine of nortsmokers exposed to sidestream 
smoke. 

Methods 

Study Design 

\Vc conducted two identical studies, each invoking five men who 
were nonsmakers. The five men in study 1 ranged in age from 29 to 
49 yean. Four of these men participated in study 2; the fifth subject 
in study 2 was 57 years old. The protocol was approved by the 
American Health Foundation's institutional review board for the 
protection of human subjects, and all the men gave written in¬ 
formed consent. No restrictions were placed on the participants 
before the studies. 

Study I was conducted in August 1992, and study 2 in February 
1993. Two days before exposure to sidestream smoke, each man 
collected a 24-hour urine sample for the measurement of NNAL and 
Its glucuronide. 

The men were exposed to sidestream smoke in a 16-m 1 room with 
limited ventilation. There were two smoke-exposure sessions in each 
study: session t lasted from 9:30 a.m, to 11 a.m., and session 2 from 
2 p.m. to 3:30 p.m. During each session, the five men sat together 
quietly in the room while sidestream smoke was generated by a 
smoking machine. Only sidestream smoke was allowed to enter the 
atmosphere in the room; mainstream smoke was trapped on a 92- 
mm Cambridge filter, and the remaining gas phase was pumped out 
of the room. In session 1, six University of Kentucky 2RI reference 
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cigarettes (non filter) were smoked oti a Borgwaldi 20-pori smoking 
machine with a rotating head under standard smoking conditions 
{duration of puff, 2 seconds, frequency, one per minute, and vol¬ 
ume. 35 ml), at the rate of two cigarettes simultaneously every 30 
minutes. In session 2, 12 Kentucky 2Rl reference cigarettes were 
smoked under the same conditions, at the rate of 4 even- 30 min¬ 
utes. We used two sessions to avoid prolonged continuous exposure 
of the men to sidestream cigarette smoke. There was less exposure 
in session l than in session 2 to allow the subjects to become accli* 
mated to the smoke. On the day of smoke exposure, the men collect¬ 
ed 24-hour urine specimens beginning at 11 a.m., when session l 
ended. This schedule was chosen so that all urine produced after 
exposure to NXK in sidestream smoke would be collected, since 
NNK metabolites are excreted rapidly. 

Analyses 

The concentrations of nicotine and NNK in the air were deter¬ 
mined by standard methods.The 24-hour urine samples were 
analyzed for NNAL and its glucuronide by a modification of our 
published method, which has intcrassav coefficients of variation 
of 9.7 percent for NNAL and 17.1 percent for NNAL glucuro¬ 
nide. 10 Fifty nanograms of 4-{methylnnrosamino)-4-(3-pyndyl)- 
1-butanol (iso-NNAL) was used as an internal standard instead of 

(5-’H)KNAL. 

The pH of the urine was adjusted to 7, and the urine was extract¬ 
ed four times with ethyl acetate. The extracts were combined, the 
internal standard was added, and the solution was dried and con¬ 
centrated to produce fraction i, which contained unconjugatcd 
NNAL. The aqueous layer was treated with 500,000 units of 
^-glucuronidase type IXA (Sigma Chemical, St. Louis). Internal 
standard was added, the pH was adjusted to 2, and the mixture was 
extracted with ethyl acetate. The ethyl acetate extracts were dis¬ 
carded. The pH was adjusted to 7, and the resulting mixture was 
extracted four times with methylene chloride. The extracts were 
dried and concentrated to produce fraction 2, which contained 
NNAL released from NNAL glucuronide. 

Fractions I and 2 were further purified by reverse-phase and 
normal-phase high-performance liquid chromatography, as de¬ 
scribed previously, for analysis by gas chromatography, mass Spec¬ 
trometry, and selected ion monitoring, 10 A slight modification was 
the addition of a retention-time marker. 3-pyridyl-1-propanol (Al¬ 
drich Chemical, Milwaukee), to the samples before normal-phase 
analysis. It eluted at 22 minutes. The fractions containing NNAL 
(retention time, 37 minutes) and iso-NNAL (retention time, 36 min¬ 
utes) were collected and analyzed by gas chromatography and ther¬ 
mal-energy analysis. 10 Cotinine in urine was measured by radioim¬ 
munoassay. 17 

Representative chromatograms of urine samples from the men 
before and after exposure to sidestream smoke are shown in Figure 
I. Evidence supporting the identity of NNAL, both free and re¬ 
leased by /S-glueuronidasc hydrolysis of NNAL glucuronide, is 
based on its retention times on reverse-phase and normal-phase 
high-performance liquid chromatography, the retention time or 
NNAL trimethvlsilyl ether on gas chromatography, and the detec¬ 
tion of NNAL trimcthylsilyl ether by gas chromatography with a 
thermal-energy analyzer as a niirosaminc-selective detector. In our 
previous study of NNAL and NNAL glucuronide in the urine of 
smokers, we confirmed the identity of NNAL trimethvlsilyl ether by 
gas chromatography, mass spectrometry, and selected ion monitor¬ 
ing. Jn (his study, the small quantities of NNAL and its glucuronide 
that were present in urine precluded other analyses. The mean 
proportion recovered was 72 percent for NNAL and 46 percent for 
NNAL glucuronide. The results in Table t have been corrected for 
recovery. 

Each urine sample was analyzed once for NNAL, NNaL glucu- 
ronide, and cotinine. Results of the analyses of urine samples from 
the men before and after exposure are expressed as means (±SD). 
Statistical comparisons were carried out with l-tests (two-tailed). 

Results 

The results of the measurements of NNAL and its 
glucuronide in the 24-hour urine samples are shown in 



Retention Time (min) 

Figure 1. Chromatograms of Fraction 2 Containing NNAL Re¬ 
leased from NNAL Glucuronide. 

The results of gas chromatography and thermal-energy analysis 
are from Subject 1 in study 2. The internal standards nitrosogu- 
vacoline (NG), added before injection, and iso-NNAL, added at 
the beginning of the analysis and detected as its tri methyl si fyl 
derivative (TMS), are indicated. 

Table L In all the men for whom data were available, 
excretion of the metabolites increased after exposure 
to sidestream smoke. 

In the two studies, seven measurements of urinary 
NNAL and its glucuronide were obtained after ex¬ 
posure, for six of which corresponding base-line re¬ 
sults were also available. The mean amount of NNAL 
and its glucuronide was significantly higher in the 
seven measurements made after exposure than in 
the six made at base line (33.9±20.0 vs. 8.4±11.2 ng 
per 24 hours [127±74 vs. 31 ±41 pmol per day], 
PC0.00I). The mean urinary' excretion of cotinine 
was also significantly higher after exposure than be¬ 
fore (89.6±35.9 vs. 8.9±9.7 /ig per 24 hours [509±204 
vs. 50±55 nmol per day], P<0.0G1). In the six cases in 
which NNAL and its glucuronide were measured both 

before and after exposure, the excretion of these me¬ 
tabolites after exposure to sidestream smoke increased 
by a factor of 10.2±12.8 (range, 2.2 to 35.4). The 
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Table 1. NNAL and Its Giucuronide in the Urine of 
Men before and after Exposure to Sidestream 
Cigarette Smoke.* 


Study and 
S liWtCT No 

NNALt 

Nnal 

GlucuionideJ 

Cotinine! 


«ra« 

AFTEI 

lEFOU 

AFT El 

BCPOU 

Arm 



«f '24 hr 


hr 

Study 1 

] 

<0,6 

3.6 

— 

— 

<2 

62 

2 

<0.6 

6.0 

— 

— 

<2 

66 

3 

<0.6 

15 

<1.0 

44.2 

3.7 

123 

A 

2.7 

6.7 

25* 

55.3 

IS 

146 

5 

1.4 

4.t 

— 

— 

<2 

18 

Study 2 

1 

<0.6 

2.7 

<1.0 

15.1 

<2 

92 

-) 

1 3 

4.4 

5.3 

13.1 

2.8 

57 

3 

<0.6 

4.0 

1.4 

12.3 

4.8 

65 

4 

2.1 

5.6 

11.8 

35.0 

24 

96 

6 

— 

3.7 

— 

20.3 

4.8 

48 


•Sunonunokers were exposed k> 3idertrcam imoke fromKewucky 2RI 
reference cigarette* i/t $ )6-m* room, pUch study con»«»ed of rwo <30- 
mmuie teuton* In seuion 1.6 njuroes wen smoked, and in session 2. 

12 cigarettes were smoked. Nicotine concentrations in the room (in ctljcto- 
frimi per cubic meter) were as follows: study I, session I. 62; study 1. 
session 2. 230. study 2. session l. 38; and study 2. session 2. 110 "Rk 
NNK concentrations in (tie room (in nanograrru per cubic meter) were is 
follows: study 1. session 1.75. and study 1, session 2,263. Daihm indicate 
that the values weie not determined In study I, three samples of the NNAL 
flucurwwde fraction w<(* loir owing to technical problems In study 2, 

Subject 6 had an interfering peak that prevented base-.'me quantitation of 
NNAL and NNAL giucuronide 

*To convert values to ptcomolcs per day. multiply by 4.78 The limit of 
detection was ippeonmitely 0 6 of of NNAL per 24 hour unrw simple. 

tTo convert values to picomola per day, multiply by 2.59. The limit of 
detection was approximately I ag of NNAL glucuroftide per 24-hour unor 
Sample. 

{Values include some 3'-hydroxycocjn>ne To convert values to nano¬ 
moles per day. mulitply by 5.6S The limit of detecuoo was approximately 
2 ng of cotimne per milliliter of nme 

corresponding increase in urinary cotinine excretion 
in these six cases was 18.7±I2.4 times (range, 4.0 to 
33.2). The urinary excretion of NNAL and NNAL 
giucuronide and that of cotinine were correlated 
(r = 0.89, PC0.001) (Fig. 2). 

In three cases — with Subject 4 in studies I and 2 
and Subject 2 in study 2 — the base-line results indi¬ 
cated exposure to NNK. In Subject 4, the urinary 
cotinine values before both studies were also consis¬ 
tent with exposure to tobacco smoke. In all the other 
cases the base-line urinary excretion of NNAL or 
NNAL giucuronide was either below or close to the 
limit of detection. 

In our previous study 10 of NNAL and its giucuron¬ 
ide in the urine of smokers, the molar ratio of those 
substances to cotinine was 1:3900. In this study, the 
corresponding ratio was 1:4600±1800. The mean 24- 
hour urinary excretion of NNAL and its giucuronide 
in the urine of 11 smokers was 4.0± 1.7 fig per 24 
hours (11 ±4 nmol per day), which, compared with the 
data from the current study, indicates that NNK up¬ 
take was about 120 times greater in smokers than in 
nonsmokers exposed to sidestream smoke. 

Discussion 

In this study, we demonstrated the uptake and me¬ 
tabolism of NNK by nonsmokers exposed to side- 
stream cigarette smoke. The metabolites identified in 


urine were NNAL and its giucuronide. NNAL, like 
NNK, is a potent pulmonary carcinogen in rats and 
mice, inducing a high incidence of adenocarcinoma of 
the lung. 7-14 Our demonstration that nonsmokers take 
up NNK thus provides support for the conclusion of 
the EPA that environmental tobacco smoke causes 
lung cancer in humans. It is notable that NNK and 
NNAL induce primarily pulmonary adenocarcino¬ 
mas, as occurs in nonsmokers exposed to environmen¬ 
tal tobacco smoke. 5 - 6 7,14 

The major lung carcinogens in cigarette smoke ap¬ 
pear to be NNK and polynuclear aromatic hydrocar¬ 
bons. 1 ® In indoor air polluted with tobacco smoke, the 
total concentrations of polynuclear aromatic hydro¬ 
carbons are similar to those of NNK. 1619 The uptake 
of carcinogenic polynuclear aromatic hydrocarbons 
by nonsmokers after exposure to environmental tobac¬ 
co smoke has not been reported. 

The ratio of NNAL and NNAL giucuronide to coti¬ 
nine in urine was similar in passive smokers (1:4600) 
and active smokers (1:3900). The concentrations of 
nicotine and NNK in the sidestream smoke of a Ken¬ 
tucky SRI cigarette are about twice those in main¬ 
stream smoke. A constant ratio of NNAL and NNAL 
giucuronide to cotinine could therefore be expected in 
the urine of passive and active smokers, an expecta¬ 
tion consistent with our results. A previous study of 
4-aminobiphenyl hemoglobin adducts in nonsmokers 
exposed to environmental tobacco smoke also demon¬ 
strated that biomarker levels in passive smokers were 
related to concentrations of 4-aminobipheny! and 
nicotine in sidestream smoke. 4 



NNAL and NNAL-Glucuronkle (ng/day) 

Figure 2. Relation between 24-Hour Urinary Excretion ot NNAL 
and NNAL Giucuronide and Cotinine Excretion in Nonsmokers 
before (Q) and after (•) Exposure to Sidestream Cigarette 

Smoke. 

To convert values lor NNAL to picomoles per day, multiply by 
4 78; to convert values for NNAL giucuronide to picomoles per 
day, multiply by 2.59; and to convert values for cotinine to 
nanomoles per day. multiply by 5.68. 
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The exposure to sidestream smoke in this study was 
comparable 10 that which might be encountered in a 
heavily smoke-polluted bar, given the nicotine concen¬ 
trations in our exposure room and those reported pre¬ 
viously in bars {up to 119 ju,g per cubic meter).' 0 * 1 
Most indoor environments would have lower concen¬ 
trations of nicotine and NNK than those in our expo¬ 
sure room, 16,1 *and the concentrations of NNAL 
and its giucuronide in the urine of people in those 
environments would probably be lower than the con¬ 
centrations reported here. Our results nevertheless 
establish the principle that NNK is taken up and me¬ 
tabolized by nonsmokers who are exposed to side- 
stream cigarette smoke, and they therefore provide 
evidence supporting the link between exposure to 
environmental tobacco smoke and the risk of lung 
cancer. 

We are indebted to Stephen Colosimo or the Clinical Biochemis¬ 
try Facility of the American Health Foundation for carry ing out the 
cotinine analyses. 
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